1. Introduction {#sec1}
===============

Rapid advancements in medical interventions in the past few years have revolutionized the treatment of life-threatening diseases such as cancer and autoimmune disorders. Ironically though, these modern advances are also leading to an alarming increase in the number of high risk patients getting susceptible to opportunistic pathogens.^[@ref1]^*Aspergillus fumigatus*, ubiquitously present in the environment has emerged as a leading opportunistic fungal pathogen causing more than 90% of invasive fungal infections. This has in turn led to an alarmingly high rate of morbidity and mortality amongst immunocompromised patients.^[@ref2]^*A. fumigatus* produces small spores (2--3 μm) that can easily surpass the human muco-cilliary clearance and it colonizes on the epithelial layer of respiratory airway, ultimately causing infections in patients with impaired immunity or those suffering from lung diseases.^[@ref2]^

The limited spectrum of antifungal drugs available in the market target either ergosterol (polyenes and azoles) or fungal cell wall (echinocandins).^[@ref3]^ These antifungal drugs are associated with severe side effects such as nephrotoxicity, hepatotoxicity, bronchospasm, haemoptysis, blurred vision, temporary blindness, and even skin cancer.^[@ref4]^ The limitations of present antifungal drugs along with drug toxicity has enthused the search for identifying novel drug targets and new compound(s).^[@ref5]^ It is more challenging to explore a unique target against *A. fumigatus* as the cellular mechanisms of mammalian cells and *A. fumigatus* are closely related.^[@ref6]^

Multifactorial virulence traits contributing to the pathogenicity of *A. fumigatus* are related to its cell surface organization, adhesion molecules present on the conidial surface, and the secondary metabolites such as 1,8-dihydroxynaphthalene (DHN) melanin.^[@ref7]^ DHN-melanin is present over the fungal cell wall and imparts greenish-gray color to *A. fumigatus* conidia. It plays a major adaptive role during harsh environmental conditions such as ultraviolet irradiation, reactive nitrogen species, and reactive oxygen species (ROS) and also in thermotolerance.^[@ref8]^ It is closely associated with adhesion molecules such as hydrophobins forming rodlet layer that provides conidial hydrophobicity, physical resistance, and immunological inertness to *A. fumigatus* against the host immune system.^[@ref9]^ DHN-melanin is also known to bind to the antimicrobial peptides and reduces the effectiveness of antifungal drugs.^[@ref10]^

Unlike dihydroxyphenylalanine melanin that is present in mammalian cell,^[@ref11]^ DHN-melanin biosynthesis in *A. fumigatus* is a polyketide-based pigment synthesis which consists of a cluster of six genes: *pksP*/*alb1*, *ayg1*, *arp1*, *arp2*, *abr1*, and *abr2*; expressed during conidiation.^[@ref25]^ Polyketide synthase (PKS) protein, encoded by *pksP*/*alb1*gene, catalyzes the synthesis of heptaketide napthopyrone YWA1 using the endogenous precursor molecules malonyl-CoA and acetyl-CoA. The sequential reduction, dehydration, and polymerization lead to the formation of DHN-melanin.^[@ref12]^ The microscopic and macroscopic studies have shown that *pksP*/*alb1* mutant (Δ*pksP*) of *A. fumigatus* exclusively produces white, demelanized, and smooth conidial surface without any protrusions.^[@ref12]^ However, mutation in other genes of this cluster, namely, *ayg1*, *arp1*, *arp2*, and *abr1* produce yellowish, pinkish, brownish, and brownish-green colored colonies respectively, with protrusions similar to wild type (WT) *A. fumigatus*.^[@ref13]^ The protrusions are important for cell--cell interaction and adherence to host epithelial cell surface which in turn enhances colonization and spreading of *A. fumigatus* linked infections.^[@ref14]^ Furthermore, *in vivo* studies have shown that only Δ*pksPA. fumigatus* exhibits avirulence.^[@ref9]^ The other colored mutants have unaltered virulence similar to the WT. Δ*pksP* conidia enhances phagolysosomal acidification, a critical step for killing of microbes inside host cell, making *A. fumigatus* highly susceptible to ROS and fast eradication by monocytes as compared to WT conidia.^[@ref15]^

Exploration of bioactive compounds as potential antifungal agents is a prominent approach used in modern drug development due to their easy availability and minimal side effects.^[@ref16]^ In the present study, the antimelanogenic antifungal effect of a natural compound *cis*-9-hexadecenal (C-9-H) was evaluated in *A. fumigatus*. C-9-H is present in many plants such as *Myristica fragrans*, *Aegle marmelos*, *Thuja orientalis*, *Pentaclethra macrophylla* Benth, *Marchantia papillata,* and *Cuminum cyminum*.^[@ref17]^ It is a bioactive natural compound that belongs to group of organic C~16~ monounsaturated fatty aldehydes which has been reported to possess antimicrobial and anti-inflammatory properties.^[@ref18]^ It has been observed that C-9-H inhibited biofilm formation in *A. fumigatus* and was not cytotoxic to human normal lung epithelial cell line L-132.^[@ref17]^ ADME/Tox study has also revealed that C-9-H is a stable compound at varied physiological conditions and is safe for human consumption.^[@ref17]^ It has been described as an aliphatic long-chain volatile compound that helps in fatty acid degradation and has characteristic strong fragrance.^[@ref19]^ It has also been used in the synthesis of lipidized-soluble and long-acting insulin to enhance its hypoglycaemic effect.^[@ref20]^ The *in vitro* combined effect of C-9-H and conventional antifungal drug Amphotericin B (AmpB) has been shown to display enhanced efficacy against *A. fumigatus*.^[@ref17]^ However, the antimelanogenic activity of C-9-H against *A. fumigatus* is still unexplored, hence the compound needs to be explored further for its medicinal prospect which will broaden the available pharmacopoeias.

2. Results and Discussion {#sec2}
=========================

2.1. Determination of MEC of the Compound C-9-H for Antimelanogenic Activity in *A. fumigatus* {#sec2.1}
----------------------------------------------------------------------------------------------

The compound C-9-H was dissolved in dimethylsulfoxide (DMSO) for all the experiments performed. DMSO-dissolved sample binds to the microbial cell membrane and increases the permeability of the membrane.^[@ref21]^ In the present study, \<5% concentration of DMSO was used. Radhika and Michael, 2013, recommended that the use of DMSO till 5% does not indicate any detectable effect during bioassays.^[@ref22]^

Broth microdilution method was used for the determination of minimum effective concentration (MEC) which is referred as the lowest concentration of compound at which no pigmentation (demelanized conidia) was observed visually and phenotypically.^[@ref23]^ The dilution method is considered as the best method for the determination of MIC/MEC value as it offers the possibility of estimation at varied concentrations of antimicrobial agents.^[@ref24]^ The colony color after C-9-H treatment was compared with that of WT (positive control) and Δ*pksP* (mutant strain) in a 96-well plate. The result revealed that the phytocompound C-9-H inhibited melanin formation in *A. fumigatus,* leading to the appearance of pigmentless white conidia similar to Δ*pksPA. fumigatus* at a MEC of 0.293 mM ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}).

![Estimation of MEC of *cis*-9-hexadecenal (A), AmpB (B), and DMSO (C). Demelanized colonies were observed in C-9-H-treated wells at 0.293 mM concentration, whereas no demelanization was observed in AmpB- and DMSO-treated wells.](ao0c00615_0001){#fig1}

The antimelanogenic effect of compound C-9-H was also analyzed against other melanized fungus *viz*., *Magnaporthe oryzae*, *Aspergillus terreus*, and *Aspergillus flavus* ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). The results revealed that only *M. oryzae* which produces melanin through DHN polyketide pathway,^[@ref25]^ developed white demelanized colonies at 2.34 mM C-9-H concentration, whereas no demelanization was observed in *A. terreus* and *A. flavus* ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). *A. terreus* lacks *pksP* homolog in melanin biosynthesis pathway,^[@ref26]^ whereas *A. flavus* produces melanin through non-DHN pathway.^[@ref27]^

![MEC of the compound *cis*-9-hexadecenal for analyzing antimelanogenic efficacy in (A) *M. oryzae,* (B) *A. terreus,* and (C) *A. flavus*. Demelanized colonies were observed only in *M. oryzae* at 2.34 mM concentration of C-9-H whereas no demelanization was observed in *A. terreus* and *A. flavus*.](ao0c00615_0003){#fig2}

2.2. Phenotypic Characterization of C-9-H-Treated *A. fumigatus* in Comparison with DHN Melanin Inhibitors {#sec2.2}
----------------------------------------------------------------------------------------------------------

Tricyclazoles (TC) and pyroquilones (PQ) are well-known DHN-inhibitors that inhibit the THN reductase enzyme encoded by *arp2* gene of DHN-melanin biosynthesis gene cluster. Inhibition of *arp2* gene or its product THN reductase as in case of TC and PQ leads to the formation of brown colored colonies. Inhibition of *pksP*/*alb1* gene or its gene product PKS enzyme only leads to the formation of white demelanized colonies.^[@ref12]^ Hence, the phenotypic effect of TC, PQ, C-9-H, and AmpB treatment was compared with that of WT and Δ*pksPA. fumigatus*. The culture plates were visually analyzed for change in colony color and radial growth on Czapek Dox agar (CzA) plate as a preliminary step in the identification of the target in DHN-melanin biosynthesis pathway. The results showed that WT *A. fumigatus* produced greenish-gray conidia on CzA plates, whereas TC- as well as PQ-treated plates were brown. Similar result was also reported by Pihet *et al*., 2009.^[@ref12]^ This confirms that inhibition of either gene or gene product leads to similar alteration in conidial phenotype and produces same colored colonies. AmpB-treated colony formed regular greenish-gray conidia similar to WT *A. fumigatus*. White demelanized colonies were observed only in C-9-H-treated and Δ*pksP* plates ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), which may be attributed to the inhibition of DHN-melanin pathway at either *pksP*/*alb1* gene or its gene product PKS protein level. Because demelanization leads to avirulence,^[@ref28]^ further experiments were designed to understand the antimelanogenic associated virulence determinants related to surface organization after C-9-H treatment in *A. fumigatus*.

![Phenotype-based visual observation of *A. fumigatus* conidial color in the presence of DHN-melanin inhibitors (TC and PQ), phytocompound C-9-H, and antifungal drug AmpB. *A. fumigatus* was cultured on CzA supplemented with TC, PQ, AmpB, and C-9-H. The color of the colonies was observed visually and compared with that of WT and Δ*pksP*. WT---wild type, TC---tricyclazole, PQ---pyroquilon, C-9-H---*cis*-9-hexadecenal, AmpB---amphotericin B, Δ*pksP*---*pksP* mutant.](ao0c00615_0004){#fig3}

The radial growth assay results showed that WT *A. fumigatus* produced maximum diameter as compared to treated and Δ*pksP* colonies ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). Because the radial diameter of antifungal agents has not been validated till date, it is expressed in terms of antifungal index percentage to better analyze the result of *in vitro* antifungal activity.^[@ref29]^ The antifungal index value measures the ability of compounds to inhibit the fungal growth on the basis of radial diameter of fungal colonies on agar plate.^[@ref29]^ The higher the antifungal index, the higher is the antifungal activity. The antifungal index percent of C-9-H was highest in comparison to other treatments in *A. fumigatus*. C-9-H has already been reported to possess antimicrobial and anti-inflammatory properties.^[@ref17]^ It belongs to C~16~ long chain mono-unsaturated fatty aldehyde group that readily reacts with the nucleophilic groups of the cell membrane, resulting in alteration of membrane permeability and leakage of intracellular materials.^[@ref19],[@ref30]^

###### Comparative Results of Radial Growth Assay[a](#t1fn1){ref-type="table-fn"}

  treatment            *A. fumigatus*   radial growth (mm)   antifungal index (%)
  -------------------- ---------------- -------------------- ----------------------
  wild type            WT               78                    
  DHN-inhibitors       TC               68                   13
                       PQ               55                   30
  bioactive compound   C-9-H            30                   61
  antifungal drug      AmpB             39                   50
  *pksP* mutant        Δ*pksP*          38                   51

Wild-type (WT) *A. fumigatus* were cultured on CzA plates supplemented with tricyclazole (TC), pyroquilon (PQ), *cis*-9-hexadecenal (C-9-H), and amphotericin B (AmpB). The radial diameter of hyphal growth was measured after 4 days of incubation at 28 ± 2 °C and compared with that of WT (positive control) and Δ*pksP* (negative control).

2.3. Extraction, Physio-Chemical Characterization, and Spectrophotometric Analysis of Isolated Melanin {#sec2.3}
------------------------------------------------------------------------------------------------------

Melanin pigment is concentrated on the cell wall of *A. fumigatus* and gives a characteristic greenish-gray color to the conidia.^[@ref12]^ To estimate reduction in melanin synthesis and its accumulation, melanin was extracted from WT, compound-treated, and Δ*pksPA. fumigatus* strain using 1 M KOH by autoclaving followed by acid hydrolysis. This method disrupts the linked proteins and other biological components associated with melanin, which can be further purified using acid treatment.^[@ref31]^ The extracted pigment showed positive result for the physico-chemical tests used for fungal melanin diagnosis. The chemical tests were performed for the identification of isolated melanin pigment. The extracted melanin pigment was soluble at alkaline pH such as 1 M NaOH and 1 M KOH, insoluble at acidic pH such as 6 M HCl, organic solvents like chloroform, ethyl acetate, alcohol and acetone, and water.^[@ref27]^ The melanin was decolorized by oxidizing agents such as H~2~O~2~ and KMnO~4~.^[@ref27]^ The extracted pigment was precipitated in 1% FeCl~3~, which signified that it is a polyphenol.^[@ref32]^

The spectrophotometric estimation showed 91% reduction in melanin content in *A. fumigatus* when treated with C-9-H at the concentration of 0.293 mM ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}A; *p* ≤ 0.0087). The spectral study of melanin from both WT and treated cultures showed a characteristic peak in the UV region 200--260 nm ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}B). Maximum light was absorbed in the UV region which gradually decreased with the increment in the wavelength. High absorbance in the UV range may be attributed to the presence of aromatic complex conjugated compounds in melanin.^[@ref26]^ No melanin pigment was extracted from Δ*pksP*; therefore, the Δ*pksP* strain showed no characteristic peak depicting the absence of melanin. Because demelanization can also lead to avirulence,^[@ref26]^ these results were further corroborated for other virulence factors in further analysis.

![Evaluation of the physical properties of the conidial surface. The WT *A. fumigatus* without any treatment (positive control), WT with C-9-H (0.293 mM), AmpB (0.012 mM; drug control) and Δ*pksP* strain (negative control) were grown on Czapek medium (*n* = 3). (A) Melanin estimation in treated and control group (*p* ≤ 0.0087), (B) UV--vis spectrum of melanin showing a characteristic peak at UV-region 200--260 with gradual decrease in absorption toward visible range where red, black, and blue curve shows the melanin spectra of WT, AmpB, and C-9-H respectively, and (C) altered membrane surface depicted by reduced cell surface hydrophobicity (CSH) (*p* ≤ 0.0071).](ao0c00615_0005){#fig4}

2.4. CSH in *A. fumigatus* {#sec2.4}
--------------------------

Cell Surface Hydrophobicity (CSH) contributes to the interaction between *A. fumigatus* and the host epithelial cell surface, which is an important factor for spreading infection. The presence of melanin increases hydrophobicity and adherence of the conidia to any surface.^[@ref33]^*A. fumigatus* cell surface is charged due to ionization of free amine and carboxylic acid groups of proteins. The presence of melanin increases both negative charge and hydrophobicity of the conidia. It has been reported that the reduction in melanin formation is directly proportional to the increase/decrease in CSH and the adherence capacity of the conidia to any surface.^[@ref33]^ Once adhered, the conidia proliferates into the hyphal structure to spread the infection inside host body. Therefore, reduction in hydrophobicity relates to reduction in adherence, thereby lowering the infection rate. The assessment of CSH was done by two-phase partitioning MATH assay using two solvent systems: water and hexadecane.^[@ref34]^ Hexadecane provides a hydrophobic medium, whereas water provides the hydrophilic medium to the conidia. The higher amounts of conidia in hexadecane phase meant higher hydrophobicity. C-9-H treatment enhanced wettability of the conidia similar to that of Δ*pksP*. A decrease in the CSH for both C-9-H-treated and Δ*pksP* culture was observed as compared to the control wild type green conidia. The compound-treated and Δ*pksP* conidia showed CSH up to 59% and 74.5%, respectively, as compared to WT *A. fumigatus* ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}C; *p* ≤ 0.0071). This decrease in hydrophobicity was also observed during the preparation of conidial suspensions. This suggested that restriction of the melanin biosynthetic pathway leads to reduction in CSH, contributing to loss of adherence property, colonization, and potential pathogenicity, thereby reducing the infection.^[@ref12]^ Similar results were also reported on the Δ*pksPA. fumigatus* by Pihet *et al*., 2009.^[@ref12]^

2.5. Cell Surface Morphology Study of *A. fumigatus* Using Electron Microscopy {#sec2.5}
------------------------------------------------------------------------------

### 2.5.1. Scanning Electron Microscopy {#sec2.5.1}

The electron microscopic results also ascertained a close resemblance in the cell surface morphology and melanin deposition in C-9-H-treated *A. fumigatus*. The scanning electron microscopy (SEM) micrograph revealed that both WT- and AmpB-treated *A. fumigatus* conidia had a rough echinulate surface with many protrusions ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The conidial protrusions protect the fungus from phagocytosis and enhance its resistance to ROS produced by phagocytic cells in the host body.^[@ref9]^ Both C-9-H-treated and Δ*pksP*-demelanized conidia revealed a smooth surface without any protrusions. Similar results were also observed by Pihet *et al*., 2009 in Δ*pksPA. fumigatus*.^[@ref12]^ The protrusions are extremely important in adherence to human epithelial tissue and to spread infection.^[@ref26]^ Conidia devoid of protrusions will not be able to adhere to the cell surface and hence would be less pathogenic.

![Visualization of the *A. fumigatus* conidial surface by SEM. Magnification is 50k× and scale corresponding to 200 nm. WT---wild type, C-9-H---*cis*-9-hexadecenal-treated, AmpB---amphotericin B--treated, and Δ*pksP*---*pksP* mutant *A. fumigatus*.](ao0c00615_0006){#fig5}

### 2.5.2. Transmission Electron Microscopy {#sec2.5.2}

The lateral conidial surface of the WT, C-9-H-treated and Δ*pksPA. fumigatus* conidia was visualized by transmission electron microscopy (TEM). The TEM micrograph of the WT conidia showed thick inner layer, indicating the presence of melanin concentrated on the membrane ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). TEM micrographs also revealed the presence of protrusions in WT conidia affirming the SEM observations. On the contrary, both C-9-H-treated and Δ*pksPA. fumigatus* conidial section revealed visibly clear inner surface without melanin deposition. There were no protrusions visualized in C-9-H-treated and Δ*pksP* conidial outer surface. Moreover, the accumulation of the cytoplasmic content was clearly seen in WT *A. fumigatus* conidia, whereas in C-9-H-treated and Δ*pksP* conidia cytoplasmic content was reduced which could be attributed to the alteration in membrane, leading to leakage of cellular contents.^[@ref12]^ Similar observations have been reported in Δ*pksPA. fumigatus*.^[@ref12]^ The membrane of C-9-H-treated conidia was observed to be partly aberrant in comparison to wild-type TEM micrograph. A similar TEM micrograph of disrupted membrane in *Candida albicans* was obtained upon treatment with aminopiperidine derived antifungal compound, suggesting the possibility of cellular leakage.^[@ref35]^

![Ultrastructure of the lateral section of wild type (WT), *cis*-9-hexadecenal (C-9-H)--treated, and *pksP* mutant (Δ*pksP*) *A. fumigatus* conidia visualized by TEM. C-9-H and Δ*pksP* have a smooth surface (black arrowheads), whereas WT have a rough sough surface with melanin deposition (yellow arrowheads) and protrusions (blue arrow). Magnifications (A) 10k×, (B) 20k×.](ao0c00615_0007){#fig6}

2.6. Relative Expression Profiling of PKS *pksP*/*alb1* Gene Using qRT-PCR {#sec2.6}
--------------------------------------------------------------------------

The mutant study of each genes involved in DHN-melanin biosynthesis, conducted elsewhere, revealed that only inhibition of *pksP*/*alb1* gene or its gene product forms white avirulent colonies.^[@ref12]^ Moreover, the present study showed that the characteristics of C-9-H-treated *A. fumigatus* was similar to that of Δ*pksP* strains. Hence, in order to understand the effect of C-9-H on the expression of *pksP*/*alb1*, the transcript profiling of *pksP*/*alb1* gene was performed for WT- (positive control), C-9-H--treated, and Δ*pksP* (negative control) culture using real time-quantitative PCR (qRT-PCR). qRT-PCR is a sensitive and specific method for the analysis of gene expression on the basis of changes in the expression of a target gene relative to the reference gene expression.^[@ref36]^ Reference genes are "house-keeping" genes whose expression remains constant at variant physiological conditions and are used for gene normalization.^[@ref36]^ In the present study, β-actin was used as reference gene and expression stability was analyzed on the basis of threshold cycle (Δ*C*~t~) value.^[@ref36]^ The relative expression of *pksP*/*alb1* gene was 3.5-fold (*p* ≤ 0.0005) upregulated in C-9-H-treated sample as compared to WT sample, whereas there was no expression of *pksP*/*alb1* gene in Δ*pksPA. fumigatus* ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}). Upregulation of the gene expression is attributed in response to the development of any stress in the pathogen.^[@ref37]^

![Relative expression fold of *pksP*/*alb1* gene with wild type (WT), *cis*-9-hexadecenal (C-9-H) treated, and *pksP* mutant (Δ*pksP*) *A. fumigatus* (*p* ≤ 0.0005). RNA was extracted from 4 days old untreated WT, C-9-H treated, and (Δ*pksP*) *A. fumigatus* (*n* = 3). β-Actin expression was used as an internal control. mRNA expression corresponding to the *pksp*/*alb1* gene was compared with that expressed in the untreated *A. fumigatus*.](ao0c00615_0008){#fig7}

2.7. Total Proteome Analysis {#sec2.7}
----------------------------

The total protein from 4 days old WT- and C-9-H-treated *A. fumigatus* culture was extracted and analyzed using nano-LC-MS-MS to correlate the transcriptional data and other enzymes of the DHN-melanin pathways. The result showed a combined total of 1805 proteins in both samples. On the basis of the cutoff value (\>2 fold change), 309 proteins were found to be differentially expressed. There were 31 proteins that were present solely in control and 51 proteins were exclusively present in protein sample obtained from C-9-H-treated *A. fumigatus*.

These proteins were characterized into functional pathway gene ontology (GO) using cellular localizations and biological functions. GO analysis helps in characterization of proteins based on various functional pathways.^[@ref38]^ On the basis of cellular functions, GO study showed that 36% and 7% of membrane and extracellular proteins, respectively, were differentially expressed in control and treated samples ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}A). On the basis of biological functions, it was determined that 3% cell wall integrity proteins, 9% secondary metabolites, and 5% cell stress proteins were differentially expressed between proteins isolated from WT- and C-9-H-treated *A. fumigatus,* respectively ([Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}B).

![GO study based on (A) cellular and (B) biological functions. On the basis of cellular localization 36% membrane proteins and 7% of extracellular proteins were differentially expressed in WT- and C-9-H-treated sample. Biological GO showed that 3% cell wall integrity proteins, 9% secondary metabolites, and 5% cell stress proteins were differentially expressed between proteins isolated from WT- and C-9-H-treated *A. fumigatus* respectively.](ao0c00615_0009){#fig8}

Amongst total proteome, the differentially expressed proteins related to the cell surface and toxins were further analyzed to find the upregulation /downregulation in WT- and C-9-H-treated sample which has been listed in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. It was found that the PKS protein was also upregulated as observed in transcript analysis. The proteome profiling affirmed the transcript study similar to García-Martínez *et al*., 2007.^[@ref39]^ The result also revealed that except PKS proteins, no other downstream enzymes involved in melanin synthesis pathway were present. The formation of each product in the DHN-melanin biosynthetic pathway is catalyzed by a specific enzyme.^[@ref40]^ The upregulation of PKS protein and absence of other downstream proteins in the pathway, suggested that the identified compound C-9-H is inhibiting the initial step, conversion of malonyl-CoA, and acetyl-CoA to heptaketide, catalyzed by PKS.^[@ref12]^ Because of the absence of any substrates for the subsequent step, the products are not observed in the present protein data set. This affirmed the inhibition of the downstream reactions in the DHN-melanin synthesis pathway, stopping the formation of the final product DHN-melanin. The analysis suggested that C-9-H is acting on stress responses in *A. fumigatus* and is also altering the expression of regulatory proteins responsible for maintaining cell membrane integrity.

###### Fold Change in Proteins Previously Reported as Virulence Factors/Others in *A. fumigatus*

  s\. no.   protein Id                         proteins                          fold change   remarks
  --------- ---------------------------------- --------------------------------- ------------- ---------------
  1         tr\|A0A229Y072\|A0A229Y072_ASPFM   integral membrane protein         2.4           downregulated
  2         tr\|A0A0J5SC73\|A0A0J5SC73_ASPFM   protein transport protein sec13   2             downregulated
  3         tr\|A0A0J5Q333\|A0A0J5Q333_ASPFM   thioredoxin reductase GliT        16            downregulated
  4         tr\|B0Y816\|B0Y816_ASPFC           methyltransferase GliN            12            downregulated
  5         tr\|A0A0J5PNZ4\|A0A0J5PNZ4_ASPFM   secreted antimicrobial peptide    2.4           upregulated
  6         tr\|A0A0J5PG83\|A0A0J5PG83_ASPFM   PKS                               2.5           upregulated
  7         tr\|A0A0J5PDW0\|A0A0J5PDW0_ASPFM   catalase                          2             upregulated

2.8. Structural Analysis of PKS Protein and *In Silico* Docking Analysis {#sec2.8}
------------------------------------------------------------------------

Since both transcript and proteome study revealed upregulation in *pksP*/*alb1* gene expression and PKS protein expression, respectively, the interaction between C-9-H and PKS protein was studied.

### 2.8.1. PKS Structure Prediction {#sec2.8.1}

The PKS protein sequence of *A. fumigatus* was retrieved from the NCBI, and homology modeling was performed using ExPASy's web server tools. Homology modeling is considered as one of the best *in silico* approaches to predict and validate 3-D model. In this method, the alignment of known protein structures acts as templates and help in the prediction of the structure of unknown protein sequence. The higher the similarity percentage, the higher is the acceptability rate of the model. The Expasy's Protparam computes the primary structure of protein on the basis of the physico-chemical parameters.^[@ref41]^ PKS protein consists of 2146 amino acids and has a molecular weight of 234.4 kD. Protparam computes the extinction coefficient at various wavelengths including 276, 278, 279, 280, and 282 nm. However, the proteins show maximum absorbance at 280 nm with minimum interference. Therefore, on the basis of the concentrations of cystine, tyrosine, and tryptophan, the extinction coefficient is favored at 280 nm.^[@ref42]^ In the present study, a high extinction coefficient of 236 960 M^--1^ cm^--1^ may be attributed to high concentration of tyrosine (2.5%).^[@ref43]^ PKS has 239 negatively charged amino acid residues (aspartate and glutamate) and 203 positively charged (arginine and lysine) amino acid residues. High negative charge amino acid residue than positively charged residue signifies that the protein is extracellular. The pH at which the net charge of stable protein is zero is called the isoelectric point (pI), which predicts the alkaline or acidic nature of the protein.^[@ref43]^ The pI of PKS protein is less than 7 (5.90), making the protein acidic.^[@ref42]^ The computed pI helps in protein purification by the isoelectric point focusing on a polyacrylamide gel.^[@ref43]^

The instability index and aliphatic index help in prediction of protein stability. The instability index of more than 40 depicts unstable protein.^[@ref42]^ The instability index of the PKS protein was found to be \<40, indicating it as a stable protein at varied conditions. The aliphatic index of a protein is the volume occupied by aliphatic amino acid side chains with respect to the total volume occupied by protein in a solution. The PKS protein of *A. fumigatus* has a high aliphatic index of 83.15 due to the high concentration of aliphatic amino acids. This predicts that the PKS protein is thermostable.^[@ref42]^ The grand average of hydropathicity (GRAVY) index is the sum of hydropathy values of all the amino acids, divided by the number of residues in the given protein sequence.^[@ref43]^ Low GRAVY index (−0.219) of PKS protein infers better aqueous interaction.

The secondary structure of the protein was predicted by Self-Optimized Prediction Method with Alignment (SOPMA) tool. SOPMA tool gives the structural information of protein sequence and helps to determine the percentage of α-helix, β-sheets, turns, and coils in query protein.^[@ref42]^ The protein was found to have 37.09% α-helix (blue), 15.14% β-sheets (red), 6.01% turns (green), and 41.75% coils (purple) as seen in [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}A. These information have high importance in prediction of the tertiary protein structure.^[@ref41]^

![(A) Secondary structure of PKS protein of *A. fumigatus* as predicted by SOPMA software. SOPMA: Self Optimized Prediction Method with Alignment. α-Helixes are depicted by blue lines, β-sheets by red lines, turns by green lines and coils by purple lines, (B) tertiary structure of PKS protein of *A. fumigatus* as predicted by RaptorX software, (C) Ramachandran plot of predicted 3-D model of PKS protein of *A. fumigatus* by PROCHECK software. The bottom left box indicates the presence of right-handed α-helix. The red region indicates the favored region where no steric clashes occur. The majority of amino acids are present in phi--psi distribution.](ao0c00615_0010){#fig9}

The tertiary structure was predicted by RaptorX server which computes the solvent accessibility, disordered regions, and binding sites of the PKS protein.^[@ref44]^ The quality of the selected model is indicated on the basis of *p*-value, GDT (global distance test), and uGDT (un-normalized GDT). Smaller p-value meant a better quality of the 3-D model.^[@ref45]^ The server selected the 6fijA model as the best model for PKS protein on the basis of low *p*-value 2.53 × 10^--26^ ([Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"}B). The server predicted that the PKS protein is multidomain protein with overall uGDT (GDT): 1364 (63%), 192 (8%) disordered positions which are good indicators of the predicted model. The solvent accessibility of any protein is divided into three categories based on cutoff values. If less than 10% surface is accessible to solvents, protein is under buried region. More than 42% solvent accessibility of protein is identified as exposed, and the values between 10 and 42% are medium.^[@ref46]^ In the present study, 37% area was exposed followed by 33% buried region and 28% medium region for solvent accessibility. Appaiah and Vasu, 2016 reported that uGDT above 50 is a good indicator of any protein model with more than 100 residues.^[@ref47]^ Because PKS protein has 2146 amino acid residues, the overall uGDT of 1364 infers the selected structure as of the high-quality model.

The structure was validated by the Ramachandran plot using PROCHECK server, which evaluates the stereochemistry of the protein model by determining residue-by-residue geometry and overall structure geometry.^[@ref44]^ In the Ramachandran plot, the selected protein structure is considered a good-quality model on the basis of most favored (core), additional allowed, generously allowed and disallowed regions. A good quality model should have over 90% in the most favored regions.^[@ref45]^ In the present study, 91.1% of the amino acid residues were present in the most favored region, whereas 6.9% residues were found in the additional allowed region. About 1.1% amino acid residues were seen to be in the generously allowed region and 0.9% in the disallowed region. The bottom left box indicated the presence of right-handed α-helix. The red region indicated favored region where no steric clashes occur. These results indicated that the majority of amino acids fall in phi--psi distribution. The Ramachandran plot revealed that the designed Protein Model for PKS protein of *A. fumigatus* was good and stable and was thus considered as reliable model.

### 2.8.2. *In Silico* Docking Analysis between C-9-H and PKS {#sec2.8.2}

After confirming the reliable 3-D model of PKS protein, the UCSF Chimera was used to visualize and analyze the interaction between C-9-H and PKS protein.^[@ref46]^ The stability of the compound is an important parameter for their effectiveness. The computational study has reported C-9-H as a stable compound at varied conditions.^[@ref17]^ In the docking analysis, low binding energy of −4.95 kcal/mol was observed which was stabilized by hydrophobic interaction and hydrogen bond between C-9-H and the amino acid residues of PKS protein. The hydrogen bonds were formed at Thr-264 and Ser 171 residue of PKS active domain ([Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}). The binding features such as binding energy and hydrogen bonding between C-9-H to the PKS model was satisfactory and notable. The binding energy is based on the intermolecular interaction, entropic effects, and desolvation.^[@ref48]^ The lowest binding energy predicts the strongest binding affinity. The interaction suggested the blockage of the active site of PKS by C-9-H, due to which further reaction in DHN-melanin biosynthesis might have stopped. This result was in sync with the proteome analysis where no protein of DHN-melanin pathway downstream to PKS protein was found.

![Docking study of the compounds with the active domain of *A. fumigatus* PKS protein. Protein--ligand interaction was visualized by UCSF Chimera. The bond between PKS and C-9-H is marked with blue arrow. The amino acid residues (SER-171 and THR 264) forming bonds are marked with blue circles. Green arrow shows the ligand C-9-H.](ao0c00615_0002){#fig10}

3. Conclusions {#sec3}
==============

The study concludes that the compound *cis*-9-hexadecenal has potential antimelanogenic antifungal properties. It targets the cell wall organization, critical growth factor, and virulence in *A. fumigatus* as depicted by inhibition of DHN polyketide melanin synthesis, loss in cell surface protrusions, forming smooth cell wall and reduced CSH. Thus, it can decrease the pathogenicity of *A. fumigatus* and increase its susceptibility to available antifungal drugs. The efficacy of C-9-H can be further enhanced through structural modification. This study may provide a trail for elucidating a newer and safer therapeutics against *A. fumigatus* infections.

4. Materials and Methods {#sec4}
========================

4.1. Procurement of Fungal Strains and the Natural Compound *cis*-9-Hexadecenal {#sec4.1}
-------------------------------------------------------------------------------

*A. fumigatus* (ATCC-46645) and its *pksP*/*alb1*mutant (Δ*pksP*) strain^[@ref9]^ were a kind gift from Prof. Axel Brakhage, Department of Molecular and Applied Microbiology, Leibniz Institute for Natural Product Research and Infection Biology-HKI, Germany. *A. terreus* (NCCPF-860035), *A. flavus* (MTCC 9367), and *M. oryzae* (ITCC 7019) were also used in the study. *Aspergillus* strains were maintained by subculturing on CzA (HiMedia, India) slants monthly. The fungus was grown on CzA at 28 ± 2 °C for 4 days to obtain conidial growth. *M. oryzae* was cultured on potato dextrose agar plates at 28 ± 2 °C for 7 days.

The compound C-9-H was procured from Carbosynth (Funakoshi Co, Japan) and was dissolved in 100% DMSO (HiMedia, India) to make the final concentration of 100 mg/mL. Stock solutions in DMSO were further diluted in media before performing any experiments so that the final concentration of DMSO did not exceed an amount that had any detectable effect in assays.^[@ref49]^

4.2. Determination of MEC of the *cis*-9-Hexadecenal for Antimelanogenic Activity in *A. fumigatus* {#sec4.2}
---------------------------------------------------------------------------------------------------

The MEC is the concentration of *cis*-9-hexadecenal at which demelanized white *A. fumigatus* colonies can be visualized as compared to the greenish-gray WT (positive control) colonies and Δ*pksP*. This was determined by the broth microdilution method with some modification following the Clinical and Laboratory Standards Institute (CLSI).^[@ref50]^ The experiment was conducted in triplicates. Variable concentrations of C-9-H (100 μL) in Czapek Dox Broth (CzB) were made in 96-well polystyrene plates (Tarson, India) to ascertain the concentrations from 20.92--0.016 mM. Further, 100 μL of *A. fumigatus* conidial suspension in CzB (approximately to 0.4 × 10^4^ conidia/mL)^[@ref24]^ were added to each well till 10th column of the 96-well plate. Column 11 was regarded as positive control having conidial suspension (100 μL) and CzB (100 μL). Column 12 was set as negative control comprising of CzB (200 μL) only. The MEC of the compound was visualized after 4 days of incubation at 28 ± 2 °C.

4.3. Phenotypic Comparison between *cis*-9-Hexadecenal and DHN-Melanin Inhibitors Treated *A. fumigatus* {#sec4.3}
--------------------------------------------------------------------------------------------------------

Effects of DHN-melanin inhibitors TC (HiMedia, India) and PQ (HiMedia, India) were studied along with the compound C-9-H for asserting the phenotypic changes occurring after treatment with C-9-H. Sterilized CzA was supplemented with TC, PQ (20 μg/mL), and C-9-H at MEC and AmpB (HiMedia, India) in separate plates. After 30 min, 10 μL of prepared conidial suspension was added dropwise at the center of treated and control plates. All of the plates were incubated at 28 ± 2 °C for 4 days. Experiments were performed in triplicates, and percentage inhibition was interpreted on the basis of colony color and diameter on 4th day. The antifungal index percent was calculated to determine the antifungal activity using the following formula^[@ref29]^where *D*~t~ = diameter of the colony in treatment (t) and *D*~c~ = diameter of the colony on control (c).

4.4. Extraction, Physio-Chemical Characterization, and Spectrophotometric Analysis of Isolated Melanin {#sec4.4}
------------------------------------------------------------------------------------------------------

The isolation of cell--wall associated melanin from WT and treated *A. fumigatus* conidia was performed.^[@ref27]^ Mycelial plug (1 cm diameter) was cut from the colonies grown on CzA, boiled in 5 mL of distilled water for 5 min, and then centrifuged for 5 min at 7000 rpm. The pellet was washed with sterile distilled water twice and melanin was extracted by autoclaving the pellet in the presence of 1 M KOH (3 mL; HiMedia, India). The extracted melanin was dried overnight at 20 °C in a dehumidified atmosphere. Further, acid hydrolysis was done to purify the extracted melanin by adding 7 M HCl (5 mL; HiMedia, India) in a sealed glass vial for 2 h at 100 °C. After cooling, the pigment was washed three times with distilled water, dried, and stored at 4 °C. Extracted and dried pigment from solid culture was dissolved in 1 M KOH and melanin was recorded as the absorption spectra at range of 200--800 nm using 1 M KOH as reference blank. The absorption spectra of the control and treated plates were analyzed.^[@ref27]^

The pigments extracted from the isolates were confirmed as melanin on the basis of their physical and chemical properties. Characterization of melanin is based on the solubility in NaOH/KOH, insolubility in water or organic solvents, decolorization by the oxidizing agents (H~2~O~2~/KMnO~4~), and precipitation by 1% FeCl~3~.^[@ref27]^

4.5. Cell Surface Hydrophobicity {#sec4.5}
--------------------------------

Hydrophobicity of the microbial cell suspension was evaluated by two-phase partitioning using hexadecane as the hydrocarbon phase described by Kennedy *et al*., with minor modification.^[@ref34]^ Briefly, conidia were harvested using phosphate-buffered saline (PBS), and their absorbance was set to 0.30 at 630 nm (A1). Hexadecane (500 μL; HiMedia, India) was then added and vortexed for 2 min. The suspension was incubated for 10 min at room temperature for phase separation. The absorbance of the aqueous phase was then measured at 630 nm (*A*~2~) and was compared to the initial absorbance. CSH percentage was calculated using following formulae

4.6. Cell Surface Morphology Studies of *A. fumigatus* Using Electron Microscopy {#sec4.6}
--------------------------------------------------------------------------------

### 4.6.1. Scanning Electron Microscopy {#sec4.6.1}

Conidia from 4 days old *A. fumigatus* cultures grown on CzA medium with and without the compound (at MEC) were harvested. Conidia were fixed in 4% glutaraldehyde (HiMedia, India) in PBS for 24 h, under vacuum. Further conidia were washed, post-fixed with 1% osmium tetroxide (HiMedia, India) for 60 min, and dehydrated through series of ethanol washing with a gradual increase in concentration. The samples were then mounted on the aluminium sheet and coated with gold--palladium alloy. The observations were made using a Zeiss SEM, MA EVO---18 Special Edition.^[@ref12]^

### 4.6.2. Transmission Electron Microscopy {#sec4.6.2}

*A. fumigatus* culture was grown in CzA medium with and/or without compound treatment for 4 days. Conidia were harvested, washed with distilled water, and fixed overnight at room temperature in 0.1 M sodium cacodylate buffer (pH 7.4; HiMedia, India) supplemented with 2.5% glutaraldehyde (HiMedia, India). After this, the conidia were incubated for 1.5 h at 20 °C in a solution of 4% formaldehyde--1% glutaraldehyde in 0.1% PBS and then further incubated in 2% osmium tetraoxide for 90 min. Dehydration was done by serially washing in ethanol solutions (50--95%) for 10 min, followed by two final washes in 100% ethanol for 15 min.^[@ref51]^ The cells were embedded in Spurr's resin, sectioned onto nickel grids, and examined on a JEOL 2100F transmission electron microscope to obtain micrographs.^[@ref51]^

4.7. Relative Expression Study of *pksP*/*alb1* Gene {#sec4.7}
----------------------------------------------------

To analyze the effect of the compound C-9-H on *pksP*/*alb1* gene, transcript analysis was conducted using qRT-PCR technique.

### 4.7.1. Primer Designing {#sec4.7.1}

*A. fumigatuspksp*/*alb1* and β-actin CDS gene sequences were downloaded from NCBI (<https://www.ncbi.nlm.nih.gov/pubmed>) database for designing the primer for the expression analysis. The primers were designed by online available Primer 3 software (<http://primer3.ut.ee/>).

The primer sequences were then analyzed for potential hair pin formation and self-complementarity (<http://www.basic.northwestern.edu/biotools/oligocalc.html>). The primers used in the present study have been mentioned in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}.

###### List of Primers Used in the Experiment

  s\. no.   gene name       accession no.   primer sequence (5′--3′)   amplicon size (bp)
  --------- --------------- --------------- -------------------------- --------------------
  1         *pksP*/*alb1*   NC_007195.1     F-GTCTACCTTCCTCACGACC      167
                                            R-CAGCGTAGAGAGACGATGG       
  2         β-actin         XM_742511.1     F-ATCTGACGGACTACCTGATG     179
                                            R-GTAGCAAAGCTTCTCCTTGA      

### 4.7.2. Total RNA Extraction, Purification, and cDNA Synthesis {#sec4.7.2}

Total RNA was extracted from *A. fumigatus* culture WT, compound treated, and Δ*pksP* using RNA-Xpress reagent (HiMedia, India) as per given manufacturer's instruction. DNaseI treatment (Fermentas, USA) was given to the isolated RNA using the user guidelines provided by Fermentas to remove genomic DNA contamination. The purity of isolated RNA was measured by *A*~260/280~ and *A*~260/230~ ratios using nanodrop (Thermo Scientific Multiskan GO). Samples with \<1.8 ratio for either of the absorbance ratio were not used for further analysis. Two micrograms of total RNA of each sample was used to synthesize first-strand cDNA by oligo (dT)~18~ primer using the high cDNA synthesis Kit (HiMedia, India).

### 4.7.3. Relative Expression Profiling of Genes by qRT-PCR {#sec4.7.3}

qRT-PCR amplification was carried out by using HiMedia LA-1012 Insta Q96-Real Time PCR, using a SYBR-green master mix (HiMedia, India), and the relative quantification of each individual expression of *pksP*/*alb1* gene was performed using the comparative threshold cycle method.^[@ref36]^ The amplification program used for real time was 95 °C for 3 min, 40 cycles at 95 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s. The melt curve analysis as per INSTA Q-96 programme RT-PCR was at 95 °C for 15 s, 60 °C for 60 s, and 72 °C for 30 s and holding time of 10 s. The results were analyzed using INSTA-Q96 software. At least two-fold up- or down-regulated gene expression was regarded as differentially expressed.

4.8. Total Proteome Analysis {#sec4.8}
----------------------------

### 4.8.1. Protein Extraction {#sec4.8.1}

*A. fumigatus* wet mat (1.5 g) with or without any treatment was ground in liquid nitrogen separately, and total protein was isolated at 4 °C in chilled 50 mM sodium phosphate buffer (pH 7.0) containing 2 mM EDTA (HiMedia, India), 0.2 mM dithiothreitol (HiMedia, India), and 1 mM PMSF (HiMedia, India), for 3 h under constant stirring. The extracted protein was then centrifuged at 12 000 rpm for 20 min at 4 °C. Trichloroacetic acid (5% of total volume) was added to the supernatant. The precipitate was washed with chilled acetone and dissolved in 6 M guanidium chloride (HiMedia, India).^[@ref39]^

### 4.8.2. Liquid Chromatography Coupled with Tandem Mass Spectrometry (LC-MS-MS) and GO Analysis {#sec4.8.2}

Fifty microlitres of total protein sample was trypsinized for 16 h at 37 °C and then purified using column C-18 silica cartridge. The purified peptide mixture was dried by speed Vac and then resuspended in a buffer solution "A" comprising of 0.1% formic acid and 5% acetonitrile. The dried peptides (1 μg) were analyzed using a LC-MS-MS. An EASY-nLC 1000 system (Thermo Fisher Scientific, USA) coupled with QExactive MS (Thermo Fisher Scientific, USA) was employed to perform LC-MS-MS analysis.^[@ref39]^ Nano-electro-spray was used as the ion source. The peptides were then loaded with buffer A and eluted at a flow rate of 300 nL/min using a 0--40% gradient of buffer "B" which consists of 0.1% formic acid and 95% acetonitrile. The total run time was for 90 min. The obtained raw files were analyzed with Proteome Discoverer against the Uniprot *A. fumigatus*. For SEQUEST/AMANDA search, the precursor and fragment mass tolerances were set at 10 ppm and 0.5 Da, respectively. Both peptide spectrum match and protein false discovery rate were set to 0.01 FDR.

The protein files obtained from LC-MS-MS were further screened for differentially expressed proteins on the basis of this cutoff value (\>2-fold change) and GO analysis was performed for all groups.

4.9. Structural Analysis of PKS Protein and *In Silico* Docking Analysis {#sec4.9}
------------------------------------------------------------------------

### 4.9.1. PKS Structure and Properties Prediction {#sec4.9.1}

The FASTA sequence of PKS protein of *A. fumigatus* was retrieved from NCBI. Because the three-dimensional structure of the protein was not available in Protein Data Bank (PDB), homology modeling was done using ExPASy web server.^[@ref41]^

The primary sequence features were predicted by Protparam tool of Expasy server for the computation of various physical and chemical parameters for PKS sequence.^[@ref41]^ The secondary structure of PKS sequence was predicted by Self-Optimized Prediction Method with Alignment (SOPMA) server.^[@ref41]^ The tertiary structure of PKS protein was predicted using RaptorX server which predicts the protein structure and function.^[@ref44]^ The best template having maximum identity with the target and modeling structure was then evaluated using PROCHECK.^[@ref44]^

### 4.9.2. *In Silico* Docking Study {#sec4.9.2}

Molecular docking analysis was performed using AutoDock 4.2.6 for PKS protein. The Lamarckian genetic algorithm was used to perform the automated molecular dockings with the preset parameters. The total number of run was set to 50, and the lowest binding energy conformation was selected for UCSF Chimera analysis. The hydrogen bonds formed between C-9-H with the active site of PKS protein were analyzed.^[@ref52]^

4.10. Statistical Analysis {#sec4.10}
--------------------------

For the statistical analysis, ANOVA was used, comparing the results of melanin estimation and CSH assay for compound-treated culture with wild type, drug-treated, and Δ*pksP* strain. All of the statistics was performed using GraphPad Prism software 8.0.2.263 version and Microsoft Excel. *p* ≤ 0.05 was considered statistically significant.
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